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Cooling antihydrogen atoms is important for future experiments both to test the fundamental CPT
symmetry by high-resolution laser spectroscopy and also to measure the gravitational acceleration
of antimatter. Laser-cooling of antihydrogen can be done on the strong 1 S–2P transition at the
wavelength of Lyman-alpha (121.6 nm). A continuous-wave laser at the Lyman-alpha wavelength
based on solid-state fundamental lasers is described. By using a two-photon and a near one photon
resonance a scan across the whole phasematching curve of the four-wave mixing process is possible.
Furthermore the influence of the beam profile of one fundamental beam on the four-wave mixing
process is studied.
INTRODUCTION
Future high-resolution laser-spectroscopy of antihydro-
gen in a magnetic trap can provide very stringent tests
of the fundamental symmetry between matter and anti-
matter (CPT symmetry) [1]. The two-photon transition
from the 1 S ground state to the 2 S metastable excited
state is a good candidate for such precision experiments
because it has a natural linewidth of only 1.6Hz at a tran-
sition frequency of 2 466THz. The absolute frequency of
this transition has already been measured in ordinary
hydrogen with enormous precision [2, 3]. However, the
1S–2S (F = 1,mF = 1→ F = 1,mF = 1) transition fre-
quency has a residual dependence on the magnetic field
of 186 kHz per Tesla. This will broaden and shift the
spectral line of antihydrogen atoms in a magnetic trap
[4]. It will thus be very important to cool antihydrogen
atoms, thereby reducing their spatial spread in the in-
homogeneous magnetic field of the trap. Laser cooling
of ordinary hydrogen atoms in a magnetic trap to the
milli-Kelvin temperature range has been demonstrated
[5]. A pulsed laser source has been used to drive the
strong Lyman-alpha transition at 121.6 nm wavelength
from the 1S ground state to the 2P excited state.
In addition to testing CPT there is also the intrigu-
ing prospect to measure the gravitational acceleration of
antimatter for the first time using antihydrogen atoms
[6]. The thermal motion of antihydrogen is a critical
factor in this type of experiments and laser-cooling at
Lyman-alpha to milli-Kelvin temperatures will be very
beneficial. Ultimately, ultracold temperatures in the sub-
milli-Kelvin range are desirable for practical experiments.
These temperatures are beyond standard laser-cooling
limits for (anti-) hydrogen. Novel cooling schemes for
ultracold temperatures have been proposed [7, 8].
Producing coherent radiation at 121.6 nm (Lyman-
alpha) is a challenge as there are no tunable lasers and
nonlinear frequency-doubling crystals available for that
spectral region. Sum-frequency generation of several in-
cident laser beams utilizing the nonlinear susceptibility
of atomic vapors and gases is commonly used to produce
coherent radiation in the VUV. Four-wave sum-frequency
mixing produces the sum-frequency of three fundamental
colors [9] and has been employed to generate pulsed laser
radiation at Lyman-alpha, typically using Krypton gas
[10–14].
Continuous coherent radiation at Lyman-alpha can
have distinct advantages for laser-cooling of antihydro-
gen. For example, the cooling rate is not limited by the
pulse to pause ratio and the smaller linewidth reduces
pumping in untrapped states. An important difference,
however, is that the power levels of continuous funda-
mental beams are many orders of magnitude lower than
the peak powers typically used in pulsed Lyman-alpha
generation. Continuous Lyman-alpha generation there-
fore uses resonances and near-resonances in the nonlinear
optical medium.
In this paper a continuous coherent Lyman-alpha
source is described which uses a four-wave mixing pro-
cess in mercury with an exact two-photon resonance and
a near one photon resonance of the fundamental beams.
The paper is organized as follows: First the lasersystem
for the fundamental beams and the Lyman-alpha pro-
duction is explained. In the next part the influence of
the UV beam profile on the four-wave mixing process
is discussed and in the last part phasematching of the
four-wave-mixing process at low mercury temperature is
shown.
LASERSETUP AND LYMAN-ALPHA
PRODUCTION
Figure 1 shows the level scheme of mercury used in the
four-wave mixing process. A UV beam at 254 nm and a
blue beam at 408nm wavelength establish the two photon
resonance between the 61S ground state and the 71S state
of mercury. The third beam at 545nm is fixed so that
the sum frequency of the three fundamental beams is at
the Lyman-alpha wavelength. The infrared fluorescence
light from the decay of the 71S state to the 61P state
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FIG. 1: Four-wave mixing scheme to produce continuous laser
radiation at Lyman-alpha in mercury vapor. The UV laser at
254 nm wavelength is tuned closed to the 61S–63P transition.
The blue laser at 408 nm establishes the two-photon resonance
to the 61S–71S transition. Taken from [19].
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FIG. 2: Setup of the continuous Lyman-alpha source. Up-
per part: Laser setup of the fundamental beams. Lower
part: Mercury cell. The overlapped beams are focused in
the mercury cell were the four-wave-mixing process takes
place. A MgF2 lense separates the production region from
the separation and detection region. BSO: beam shaping
optics, BBO/LBO: β-barium borate/lithium triborate fre-
quency doubling crystals.
provides a diagnostic tool for the two-photon-condition
[15].
A schematic of the experimental setup for the Lyman-
alpha production is shown in Fig. 2. The laser system
generating the three fundamental beam is in the upper
part of the figure. The beam at 254 nm is provided by
a frequency-quadrupled Yb:YAG disc laser. Frequency-
quadrupling is done with two successive frequency-
doubling cavities, the first one using a lithium triborate
crystal (LBO) as nonlinear medium, the second one us-
ing a β-barium borate crystal (BBO). Details of this sys-
tem have been described elsewhere [16]. From 2W of
infrared light at 1015 nm we get up to 200mW of UV
radiation. This system is in principle capable to pro-
duce up to 750mW of UV light. To prevent the BBO
crystal from damage caused by the high green powers we
work at reduced powers of up to 300mW in the UV.
The second fundamental beam at 408 nm is produced
by a frequency-doubled titanium:sapphire laser. The ex-
ternal frequency-doubling cavity uses LBO as nonlinear
medium. From 1.5W of IR light at 816 nm we get up to
500mW of blue light. The typical day to day power of
this laser system is 300mW. The third fundamental beam
at 545 nm is produced with a 10W fiber laser system at
1091nm and a modified commercial frequency-doubling
cavity. This system is capable of producing up to 4W
of green light [17]. However, at these high powers ampli-
fied back-reflections tend to damage the entrance facet of
the amplification fiber. For the present experiments we
therefore operate the fiber laser at 740mW, a very con-
servative rating, which still gives 280mW of green light.
The astigmatism of each of the fundamental beams is
compensated with a pair of cylindrical lenses. All three
beam divergences are matched by telescopes and the
beam diameters are expanded to allow tighter focusing.
The beams are then overlapped with dichroic mirrors and
focused into the mercury cell using a fused silica lens
with a focal length of 15 cm (Figure 2 lower part). The
average confocal parameter of the fundamental beams is
b=1.6mm. Details of the mercury cell are described else-
where [18]. The alignement of the fundamental beams is
very critical. The overlap of the UV and blue foci can be
improved by maximizing the IR fluorescence at 1014 nm.
The overlap of the green beam can then be adjusted us-
ing the Lyman-alpha signal. The Lyman-alpha beam is
separated from the fundamental beams using the disper-
sion of a MgF2 lens (f = 21.5 cm at 546 nm,f = 13 cm at
Lyman-alpha). A tiny mirror is placed in the focus of the
fundamental beams to reflect them to the side. Hence,
the mirror just casts a shadow in the Lyman-alpha beam,
causing ≈ 30% loss. Light from the fundamental beams
is suppressed further by three VUV interference filters
(Acton, 122-N and 122-XN) and the radiation at Lyman-
alpha is then detected with a solar-blind photomultiplier
(Hamamatsu, R6835). A residual background from the
UV beam is eliminated by chopping the green laser at
1Hz and subtracting the background from the Lyman-
alpha signal. We get 8000 Lyman-alpha counts/s with
laser powers in the mercury cell of 180mW at 254 nm,
200mW at 408 nm and 260mW at 546 nm and with a de-
tuning to the 63P level of the 202Hg isotope of -400GHz
[19]. The overall detection efficiency of Lyman-alpha due
to the absorption in the MgF2 lens, the small mirror,
the filters and the photomultiplier efficiency is 3 ∗ 10−5.
Therefore the Lyman-alpha power generated is about 0.4
nW. We observed no saturation of the VUV yield which
is proportional to the power-product of the fundamen-
tal beams. The Lyman-alpha generated can thus readily
be enhanced by increasing the power in the fundamental
beams. The power levels required for Doppler-cooling of
antihydrogen in a magnetic trap are rather low: With
1 nW of Lyman-alpha we expect cooling times in the or-
3der of minutes [20].
INFLUENCE OF THE UV BEAM PROFILE ON
THE FOUR-WAVE-MIXING
Figure 3a shows the beam profile of the collimated UV
beam. The large walk-off angle of the second frequency-
doubling crystal results in an extrem non-gaussian beam
profile. The beam propagation near the focus (see Fig-
ure 3b) yields a beam parameter product of M2 = 2.7
along the disturbed axis of the beam. Along the non-
disturbed axis the beam parameter product is M2 = 1.4.
To measure the influence of such a beam profile on the
four-wave-mixing process a spatial filter was installed in
the UV beam. It consists of two lenses building up a tele-
scope with a pinhole in the focus of the UV beam. Such
a configuration reduces higher modes in a non-gaussian
beam which results in a reduced beam parameter prod-
uct. With a transmission of ≈ 80% through the spa-
tial filter a reduction in the beam parameter product to
M2 = 1.4 could be achieved. To directly compare the
four-wave-mixing with different beam-profiles the pin-
hole of the spatial filter was removed during a measure-
ment. The 20% higher beam power due to the absence of
the pinhole does not result in an increase of the Lyman-
alpha signal. Hence, the higher non-Gaussian modes in
the beam do not participate in the four-wave-mixing pro-
cess. Therefore, we can conclude that the power which
effectively contributes in the four-wave mixing is just the
fraction embedded in the Gaussian mode of the funda-
mental beams.
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FIG. 3: (a) Beam profile of the collimated UV beam. (b)
Beam propagation of the UV beam near the focus.
PHASEMATCHING
Figure 4 shows the Lyman-alpha signal as a func-
tion of the temperature of the mercury cell. The UV
laser detuning to the 63P level was chosen to -50GHz
and the blue laser frequency is tuned to match the two-
photon resonance of the 202Hg isotope. Optimal phase-
matching for sum-frequency four-wave-mixing occurs at
b∆k = −4 [21], where b is the confocal parameter and
Ref. efficiency power Hg temperature
[nW/W3] [nW] [◦C]
[23] 3.5 0.5 220
[18] 58.5 20 220
[19] 55.6 0.4 200
this work 69.0 0.07 110
TABLE I: Comparison of four-wave mixing efficiency, power
and used mercury temperature of cw Lyman-alpha sources.
∆k = kLy−α − k254nm − k408nm − k546nm the wavevector
mismatch. The wavevector mismatch ∆k is proportional
to the mercury density N and can be changed with the
mercury temperature. Due to the near 61S − 63P reso-
nance the main contribution to ∆k is the dispersion of
the UV beam. A smaller detuning to the 61S− 63P res-
onance, compared to earlier experiments [18], leads to
an increased dispersion of the UV beam and the optimal
phase matching is achieved at lower mercury tempera-
tures. This enables scanning the phase matching curve
of this four-wave mixing process without exceeding the
maximum temperature of the cell. The maximum of the
Lyman-alpha yield at a UV detuning of -50GHz is at
about 110◦C, which corresponds to a mercury density
of 1.1 × 1022m−3. The data points were normalized to
the powers of the fundamental beams and to the peak
maximum to cancel out power drift in the fundamental
beams. Calculations of phasematching temperature as
performed in [22] still differ in temperature compared to
the experimental data. In Table I a comparison of cw
Lyman-alpha sources and their efficiencies, powers and
phasematching temperatures is shown. The increased ef-
ficiency at lower phasematching temperature originates
from reduced Doppler-broadening.
With the same spatial filtering technique described ear-
lier we checked the influence of the UV beam profile on
the phasematching. Perfect phasematching of the filtered
and non-filterd fundamental beam occures at the same
mercury temperature.
CONCLUSION
In conclusion, a continuous-wave Lyman-alpha source
is demonstrated by four-wave mixing of three solid-state
fundamental beams in mercury. A small detuning of
one fundamental laser to a resonance of mercury enables
scanning across the whole phasematching curve. It is
shown that only the embedded Gaussian mode of the
fundamental beams participates in the four-wave mixing
process.
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FIG. 4: Normalized Lyman-alpha yield as a function of the
temperature of the mercury cell.
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